Bacterial cellulose (BC) and silk fibroin (SF) are natural biopolymers successfully applied in tissue engineering and biomedical fields. In this work nanocomposites based on BC and SF were prepared and characterized by scanning electron microscopy (SEM), infrared spectroscopy (FT-IR), X-ray diffraction (XRD) and thermogravimetric analysis (TGA). In addition, the investigation of cytocompatibility was done by MTT, XTT and Trypan Blue dye technique. Cellular adhesion and proliferation were detected additionally. The evaluation of genotoxicity was realized by micronucleus assay. In vitro tests showed that the material is non-cytotoxic or genotoxic. SEM images revealed a greater number of cells attached at the BC/SF:50% scaffold surface than the pure BC one, suggesting that the presence of fibroin improved cell attachment. This could be related to the SF amino acid sequence that acts as cell receptors facilitating cell adhesion and growth. Consequently, BC/SF:50% scaffolds configured an excellent option in bioengineering depicting its potential for tissue regeneration and cultivation of cells on nanocomposites.
Introduction
Tissue engineering has the purpose of developing therapeutic options especially designed to be applied in special clinical conditions, aiming to replace or regenerate damaged tissues using biomaterials. The success of the methodology depends on Biomaterials' properties that can be manipulated to mimic the three-dimensional architecture of extracellular matrix (ECM) native tissues which is regarded as a complex organization of fibrous structural proteins such as collagens and a wide variety of proteoglycans and polysaccharides (Cai & Xu, 2011; Shi et al., 2012 Shi et al., , 2014 In recent years, due to climate changes and the decrease of oil supply, synthetic materials are becoming increasingly unfavorable, enhancing the need to find renewable green alternatives. It is generally known that nanomaterials show unusual properties, not observed in the bulk materials, such as high surface reactivity and ability to cross-cell membranes. The development of materials with biomimetic behavior is essential for tissue engineering purposes http://dx.doi.org/10.1016/j.carbpol.2015.04.007 0144-8617/© 2015 Elsevier Ltd. All rights reserved.
because scaffolds based on nanofibres (NFs) mimic the natural extracellular matrix and its nanoscale fibrous structure (Barnes et al., 2008; Hutchens, Benson, Evans, O'Neill, & Rawn, 2006) .
Cellulose is the most abundant biopolymer on earth and is present in a wide variety of living species being harvested mainly obtained from trees and cotton. It can also be obtained from the bacteria Gluconacetobacter xylinus that produces nano bacterial cellulose (BC) free of lignin and hemicellulose in a 3-D hierarchical network composed by bundles of much finer microfibrils of nanometric size range from 3.0 to 3.5 m Klemm, Heublein, Fink, & Bohn, 2005; Svensson et al., 2005) . Since its discovery BC has shown tremendous potential as an effective biopolymer in various fields, as the structural aspect of BC is far superior to those of plant cellulose, which provide it with better properties (Ul-Islam, Khan, & Park, 2012) .
Then, BC is a completely biocompatible polymer also useful as scaffold for cellular growth and tissue engineering Helenius et al., 2006; Rambo et al., 2008; Svensson et al., 2005) . It is distinguished from the usual scaffolds because BC possesses natural refined 3-D nanofibrils networks bearing a shape similar to that of the collagen nanofibrils in natural tissue such as umbilical cord and basement membrane in cornea (Fraser et al., 2008) .
Due to this uniform structure and morphology BC is endowed with unique characteristics such as high purity, high crystallinity and remarkable mechanical properties, good chemical stability, and the high water holding capacity (Svensson et al., 2005) . Despite its high water content, BC shows a good mechanical performance and BC can be produced in almost any shape because of its high moldability during formation (Ross, Mayer, & Benziman, 1991) .
BC is used as a wound dressing since it provides a moist environment, resulting in better wound healing with no toxicity (Barud et al., 2007; Klemm et al., 2005) . Besides that, BC offers a wide range of applications, especially in medical applications, artificial micro vessel, and tissue engineering of cartilage and bone (Fontana et al., 1990; Klemm, Schumann, Udhardt, & Marsch, 2001; Svensson et al., 2005) . Other studies with endothelial, smooth muscle cells and chondrocytes have shown that these cells present good adhesion to bacterial cellulose Helenius et al., 2006; Rambo et al., 2008; Svensson et al., 2005) .
However, some characteristics that would limit BC in medical applications is that BC is not easily absorbed in human body; in dried state BC nanofibrils form a dense mesh that can limit cell adhesion and proliferation . Besides that, BC has no antibacterial properties and acts only as a physical barrier against infection (Czaja, Young, Kawecki, & Brown, 2007) .
Polymer composites have enhanced material and biological properties compared to pure polymers. Based on the nature and size of the reinforcement material, BC composites are synthesized through numerous routes aiming to overcome its limitations and increase its applications.
Literature displays several composites based on BC, such as BC/chitosan (Kim et al., 2011) , BC/agarose , BC/poly(3-hydroxybutyrate) (PHB) Barud, Caiut, Dexpert-Ghys, Messaddeq, & Ribeiro, 2012) , BC/hydroxyapatite (Hap) (Grande et al., 2009; Saska et al., 2011) and BC/Collagen (Luo et al., 2008; Saska et al., 2012) . These bacterial cellulose based materials have been commercialized and recognized as non-genotoxic and non-cytotoxic (Jonas & Farah, 1998; Schmitt, Frankos, Westland, & Zoetis, 1991) . Among the investigated materials that could possibly be associated with BC, we have opted to use silk fibroin (SF).
Fibroin is a natural protein extracted from silk cocoons of Bombyx mori silkworm that can be processed to create a variety of materials such as hydrogels, ultrathin and thick films, 3D porous matrices, and fibers with controllable diameters (Omenetto & Kaplan, 2010) . This protein is also a potential candidate material for biomedical applications because it has several attractive properties, including good biocompatibility, good oxygen and water vapor permeability, and biodegradability (Altman et al., 2003; Wang, Blasioli, Kim, Kim, & Kaplan, 2006 ) that can be controlled by functionalization of fibroin or changing the processing methods.
SF reveals some known applications like the preparation of scaffolds for bone and meniscus regeneration (Altman et al., 2003; Kim, Jeong, et al., 2005; Kim, Park, Kim, Wada, & Kaplan, 2005; Mandal, Park, Gil, & Kaplan, 2011; Mauney et al., 2007; Zhang et al., 2010) , small-diameter graft for vascular substitution (Alessandrino et al., 2008; Cattaneo et al., 2013; Enomoto et al., 2010; Marelli, Alessandrino, Fare, Tanzi, & Freddi, 2009; Marelli et al., 2010) and transparent thin films for biophotonics (Amsden et al., 2010) .
In addition, SF as protein has amino acids that act as cell receptors and mediate important interactions between mammalian cells and extra cellular matrix (ECM) facilitating cell adhesion and growth (Fang, Chen, Yang, & Li, 2009; Fang, Wan, Tang, Gao, & Dai, 2009 ) and it presents antimicrobial activity . However, the regenerated SF has some disadvantages, such as brittleness, easy fragmentation, and difficulty in creating a uniform thickness (Lee, Kim, Lee, & Park, 2013) .
Some authors have prepared plate BC/SF composites and observed the improvement of the mechanical properties of SF (Choi, Cho, Heo, & Jin, 2013 ) and others applied them in an animal model to promote the complete healing of segmental defects of zygomatic arch (Lee et al., 2013) without previously studying it in vitro. Despite both materials being separately biocompatible, it is important to demonstrate if this new composite can be safely applied in tissue regeneration.
Thus, the aim of this study was to prepare porous scaffolds based on BC and SF by lyophilization process, in order to maintain their properties and complement each other as a composite, taking advantage of BC's surface modification with amino acids extracted from SF. Toward meeting these objectives, the resultant nanocomposites were characterized by physicochemical techniques and the cytocompatibility was assessed by the investigation of the cytotoxicity and genotoxicity of the developed material.
Experimental

Materials
Bacterial cellulose
Bacterial cellulose membranes were obtained from cultivation of the Gluconacetobacter hansenii strain ATCC 23769. Cultures were incubated for 96 h at 28 • C in trays 30 cm × 50 cm, containing medium composed of glucose 50 g L −1 , yeast extracts 4 g L −1 , anhydrous disodium phosphate 2 g L −1 , heptahydrated magnesium, sulphate 0.8 g L −1 and ethanol 20 g L −1 . After three days of incubation hydrated BC pellicles of 3 mm of thickness containing up to 99% of water and 1% of cellulose were obtained. These membranes were washed in a 1 wt% aqueous NaOH at 70 • C in order to remove bacteria and then several times in water, until neutral pH. Pristine bacterial cellulose membranes (25 cm 2 ) were used for nanocomposite preparation.
Silk fibroin solution
Silk fibroin (SF) solution was obtained from silk cocoons produced by Bombyx mori silk worms supplied by Bratac, Fiaç ão de Seda S.A. (Bastos/SP, Brazil). The method was based on previous reports from literatures (Kweon, Ha, Um, & Park, 2001; Rockwood et al., 2011) . Raw silk was degummed with 0.02 M Na 2 CO 3 solution at 100 • C for 30 min and washed thoroughly with distilled water. Degummed silk was dissolved in a solution composed of CaCl 2 , H 2 O, and ethanol (1:8:2 molar ratio) in a proportion of 1 g of silk to 4 mL of the solvent. The resulting viscous solution was dialyzed against mili-Q water for 48 h in order to remove salts. A 3.7% (w/V) aqueous fibroin solution free of impurities was obtained after the centrifugation (twice) of the dialyzed solution at 20,000 rpm at 4 • C for 30 min. The final concentration of aqueous SF solution (3.7 wt.%) was determined by weighing the dried solids. The final solution was stored at 4 • C before use. The stock fibroin solution (3.7%) was used to prepare BC/fibroin composites.
Bacterial cellulose/silk fibroin nanocomposites
Porous composites of BC/SF were prepared by soaking BC membranes (25 cm 2 ) into silk fibroin solutions of different concentrations (1%, 3% and 7% of SF content (w/v) in order to exchange water by the silk fibroin solution into the microfibrillar cellulose's network. The membranes were kept in fibroin solutions for 24 h under shaking, removed and freeze dried.
The final SF contents in BC/SF nanocomposites were determined by the mass percentages of SF. The remaining SF in solution was measured and subtracted from the initial SF amount in order to calculate SF bound to the BC membranes. Samples were termed according to SF contents BC/SF:25%, BC/SF:50% and BC/SF:75%. They were all packed and sterilized with a 25 kGy gamma irradiation (Embrarad -Brazil).
Field emission scanning electron microscopy
Scanning electron microscopy (SEM) images were obtained with the use of a Field Emission Scanning Electron Microscope JEOL JSM-7500F. Freeze-dried scaffolds were carefully sectioned at horizontal plane with a razor blade, mounted with conductive adhesive tape on copper stubs, and sputter-coated with a carbon layer.
Solubility test
BC/SF nanocomposites were cut into pieces of 1.0 cm 2 , weighed (m i ), immersed in 20 mL of distilled water and kept at 37 • C for 24 h. After this period, the samples were dried and weighed again (m f . The percentage of soluble mass was determined by the following equation. All experiments were performed in triplicate, and standard deviation was calculated.
Water-uptake capacity
The swelling ratio was calculated by placing separately pristine freeze-dried BC and BC/SF:50% samples of 1.0 cm 2 in distilled water for a specific time. Samples were removed at certain times, initially at 1 and 5 min, followed by measurements every 5 min up to 30 min, and then 60, 360 and 1440 min. After removal from the distilled water, excess superficial water was removed by gentle tapping with filter paper; then the samples were weighed. The content of the distilled water in the swollen scaffolds was calculated by the following equation: water uptake (%) = [(W s − W d )/W s ] × 100, where W d is the weight of the dry membrane and W s is the weight of the swollen membrane, respectively. All experiments were performed in triplicate, and standard deviation was calculated.
Measurement of SF release with time
The fibroin protein concentration was measured by the Bradford protein assay procedure (Bradford, 1976) , in order to investigate the stability of scaffolds in aqueous environment. Samples of 1.0 cm 2 BC/SF:50% scaffolds were immersed in 5 mL of deionized water.
The Bradford reagent was added and the samples were incubated at 30 • C, in the dark. The aliquots were collected at 5, 15, 30, 60, 720 and 1440 min. The Bradford assay relies on the binding of the dye Coomassie Blue G-250 to protein. Therefore, the quantity of protein can be estimated by determining the amount of dye in the blue ionic form, usually achieved by measuring the absorbance of the solution at 595 nm. Bovine serum albumin was used as a standard protein.
FT-IR spectroscopy
Infrared spectra were recorded on a Spectrum 2000 FT-IR Perkin Elmer spectrophotometer, using samples prepared as KBr pellets. The spectra were collected over the range of 4000-700 cm −1 with an accumulation of 32 scans, resolution of 2 cm −1 and interval of 0.5 cm −1 .
Thermogravimetric analysis
Thermogravimetry (TG) was conducted using dried samples on a Thermoanalyzer TG/DTA simultaneous SDT 2960 TA Instruments under the following conditions: aluminum crucible, synthetic air (100 mL/min), and a heating rate at 10 • C per minute, from 30 to 1000 • C.
Powder X-ray diffractometry
X-ray diffraction patterns (XRD) were obtained in a Siemens Kristalloflex diffractometer using nickel filtered Cu K-␣-radiation from 4 • to 70 • (2Â angle), in steps of 0.02 • and a step time of 3 s.
Porosity study
A porosity study was conducted by examining SEM surface images of the composite that will be used to perform in vitro tests applying Image J software. The calculation was based on 30 diameter measurements of different pores to estimate average, coefficient of variation and confidence level of data obtained.
Cytotoxicity and genotoxicity assays
These tests were performed only in case of BC/SF:50% samples. Cytotoxicity can be measured by multiple different methods depending on the cell damage: changes in plasma membrane are detected by using dyes, such as Trypan Blue, and changes related to metabolic functions of mitochondria can be detected by a colorimetric method such as MTT (tetrazolium 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) (Kim, Yoon, Lee, & Jeong, 2009 ) and XTT (2,3-bis[2-methyloxy-4-nitro-5-sulfophenyl]-2H-tetrazolium-5-carboxanilide), according to the manufacturer's instructions.
Thus, the cytotoxicity assay requires a selection based on the suitability of the cell employed in the test method. The present study used L929 cells for the MTT test which is in accordance with ISO standards (10993-5:2009 ) and Chinese hamster fibroblasts (V79 cells) for the XTT method according to ISO 10993-12:2007 that goal in vitro cytotoxicity tests of biomedical devices.
Preparation of the samples for in vitro tests
As mentioned in Section 2.1.3, freeze dried BC and BC/SF:50% scaffolds previously sterilized were then soaked in RPMI 1640 medium (Invitrogen) for 1 h in 24-well plates to facilitate cell adhesion. L-929 cells were lifted with trypsin/EDTA (Invitrogen), washed twice with saline by centrifugation, seeded onto the scaffolds (10 L/scaffold at 5 × 10 5 cells/mL), and allowed to attach for 1 h at 37 • , 5% CO 2 . One mL of RPMI medium supplemented with 2 mM l-glutamine, 100 U/mL penicillin, 100 g/mL streptomycin, 10% FCS (all from Invitrogen TM ) and 0.05 M ␤-mercaptoethanol was added to wells and cells were cultivated for 48 h. All treatments, negative control and also positive control were performed in quintuplicate and in conditions of sterility.
The V79 cell line was maintained and cultivated as monolayers in plastic culture flasks (25 cm 2 ) containing HAM-F10 plus DMEM (1:1; Sigma-Aldrich), supplemented with 10% fetal bovine serum (Nutricell) and 2.38 mg/mL Hepes (Sigma-Aldrich) at 37 • C in a humidified 5% CO 2 atmosphere. Antibiotics (0.01 mg/mL streptomycin and 0.005 mg/mL penicillin; Sigma-Aldrich) were added to the medium to prevent bacterial growth. The BC/SF:50% was extracted with HAM-F10 plus DMEM (1:1) for 72 h at 37 • C and sonicated for 1 h before treatment. Immediately prior to use, the culture medium was transferred to another flask and fetal bovine serum was added up to volume. This solution was set as a reference as 100%.
MTT assay
After the preparation, the samples were removed from each well and the cultures were washed with 250 L of saline solution. With the laminar flow light off, 200 L of M199 medium (Invitrogen TM ) without phenol red solution with MTT (final concentration 500 g/mL) were placed per well. The plates were incubated at 37 • C for a treatment period of 4 h. Then, the colorimetric measurement was verified with spectrophotometer spectra Max 190 (Molecular Devices) at 570 nm and 690 nm, and the result allows an Optical Density measurement (OD) analysis. The darker the color, the higher the metabolism of MTT and consequently, the higher the OD and less cytotoxic is the material tested.
Trypan Blue assay
Trypan Blue Solution is routinely used as a stain to assess cell viability using the dye exclusion test. This test is often performed while counting cells with the hemocytometer during routine subculturing, but can be performed any time cell viability needs to be determined quickly and accurately. The dye exclusion test is based upon the concept that viable cells do not take up impermeable dyes (like Trypan Blue), but dead cells are permeable and take up the dye. After the initial preparation (see Section 2.10.1), the percentage of viable cells was determined by counting 200 cells in at least five random fields using the inverted light microscope in the presence of 50 L of Trypan Blue.
XTT assay
For this experiment, 10 4 cells were plated onto 96-well microplates. Each well received 100 L HAM-F10/DMEM containing different percentages of BC/SF:50% ranging from 0.78% to 100%. The cells were cultured in a 5% CO 2 atmosphere for 24 h at 37 • C. After incubation, the culture medium was removed and the cells were washed with 100 L phosphate-buffered saline (PBS) and exposed to 100 L HAM-F10 culture medium without phenol red. Next, 25 L XTT (Roche Diagnostics) was added to each well and the microplates were incubated for 17 h at 37 • C. Absorbance of the samples was read in a microplate reader (ELISA, Asys UVM 340/Microwin 2000) at a wavelength of 450 nm and a reference length of 620 nm. The amount of soluble product formed (formazan) was proportional to the number of viable cells. The negative control group was designated as 100%, and the results were expressed as a percentage of the negative control. Cytotoxicity was calculated with the GraphPad Prism program, plotting cell survival against the respective percentages of material. One-way ANOVA was used for the comparison of means (p < 0.05). The experiments were performed in triplicate.
Cell adhesion and proliferation assays
After the initial preparation, the number of cells seeded on the scaffolds was determined by counting in a Newbauer hemocytometer chamber by treatment with trypsin/EDTA. Scaffolds were then collected and the cell culture washed twice with RPMI 1640 medium (Invitrogen). Cells were fixed in a solution of 2.5% glutaraldehyde grade II, 2% formaldehyde and 2.5 mM CaCl 2 in 0.1 M sodium cacodylate buffer pH 7.0 and processed for the preparation of SEM.
Regarding cell proliferation, treatments were performed in contact with the cells (at the following experimental periods: 16, 24, 48 and 72 h) by placing a disk of about 0.8 cm diameter of the biomaterials in each well. After the respective periods, cells were removed from the wells with trypsin-EDTA 0.25% V/V (GIBCO), centrifuged at 1300 × g rpm and 40 • C for 10 min, resuspended in 20 L of Trypan Blue and then counted in a Newbauer hemocytometer chamber.
Assessment of genotoxicity
The micronucleus assay in V79 cells was employed to evaluate the genotoxicity of BC/SF:50% samples. Therefore, 500,000 cells were seeded into tissue-culture flasks and incubated for 24 h in 5 mL completed HAM-F10/DMEM medium and washed with PBS (pH 7.4). After these procedures, the cultures were treated in serum-free medium for 3 h with three different percentages of BC/SF:50% (25%, 50% and 100%). We included the negative (without treatment) and positive (MMS -methyl methanesulfonate, 44 g/mL) control groups. The cell cultures treated only with BC (100%) were also included. After the treatment period, the cells were washed with PBS and a culture medium supplemented with fetal bovine serum containing 3 g/mL of cytochalasin-B (CAS: 14930-96-2; Sigma-Aldrich) and the cells were incubated for 17 h. After the incubation, the cells were rinsed with 5 mL PBS, trypsinized using 0.025% trypsin-EDTA and centrifuged for 5 min at 900 rpm. The pellet was hypotonized in sodium citrate 1% at 37 • C and then homogenized with a Pasteur pipette. This cell suspension was centrifuged again, the supernatant was discarded, the pellet was resuspended in methanol: acetic acid (3:1) and homogenized again with a Pasteur pipette. After fixation, the cells were stained in a Giemsa solution 5%. The criteria employed for the analysis of micronucleus were established by Fenech (2000) . Therefore, 1000 binucleated cells were analyzed by culture in a total of 3000 binucleated cells per treatment. The nuclear division index (NDI) was determined for 500 cells analyzed per culture, for a total of 1500 cells per treatment group. Cells with well-preserved cytoplasm containing 1-4 nuclei were scored and the NDI was calculated using the following formula (Eastmond & Tucker, 1989) :
where M1-M4 is the number of cells with 1, 2, 3, and 4 nuclei, respectively, and N is the total number of viable cells.
Results and discussion
Infrared spectroscopy
FT-IR spectra for BC, SF and all BC/SF nanocomposites are shown in Fig. 1 . The spectrum obtained for BC Fig. 1(a) shows bands in the 400-700 cm −1 range characteristics of the OH bending, ␤-glucosidic linkages between the glucose units at ∼896 cm −1 and C O symmetric stretching of primary alcohol and C O C antisymmetric bridge stretching at 1040 cm −1 and 1168 cm −1 , respectively. The C H deformation (CH 3 or O H in plane bending) is observed at 1340 cm −1 and the band centered at 1400 cm −1 is related to CH 2 bending and OH in plane bending. According to Barud et al. (2008) , other bands are related to H O H bending of adsorbed water (at 1650 cm −1 ), CH stretching of CH 2 and CH 3 groups (at 2900 cm −1 ) and OH stretching (broad band at 3500 cm −1 ).
The obtained spectra related to pure silk fibroin, Fig. 1 (e), present bands in the region from 1500 to 1700 cm −1 assigned to absorption by the peptide backbones of amide I (1700-1600 cm −1 ) and amide II (1500-1600 cm −1 ), which have been commonly used for the analysis of different secondary structures of fibroin. The peaks at 1610-1630 cm −1 (amide I) and 1510-1520 cm −1 (amide II) are characteristic of silk II (␤-pleated sheet) secondary structure while the absorptions at 1640-1660 cm −1 (amide I) and 1535-1542 cm −1 are indicative of silk I (␣-form) conformation (Lu et al., 2011; Nazarov, Jin, & Kaplan, 2004) . In the present study the amide I band of freeze dried fibroin showed strong peaks at 1647 and 1537 cm −1 corresponding to silk I structure. However a shoulder at 1620 cm −1 indicates the formation of some silk II.
For all BC/SF composites, cellulose bands in the region 1000-1300 cm −1 are exactly observed at the same positions and same relative intensities as pristine BC spectra shows. There are no important bands changing after silk fibroin impregnation in the nanocomposites. In fact FTIR spectra for all BC/SF nanocomposites could be considered only a sum of the BC and silk fibroin spectra and no new covalent bonds were detected, according to Kweon et al. (2001) . Fig. 2 shows XRD patterns for all samples. Broad diffraction peaks are observed at 15 • and 22.5 • for the pure BC membrane. These peaks are assigned to the characteristic interplane distances of native cellulose type 1 (Kim, Jeong, et al., 2005; .
X-ray diffraction analysis
Freeze dried SF presents peaks at 11.8 • , 19.8 • and 22.6 • corresponding to the Silk I crystalline phase. The broad peaks should be due to the freeze drying process (Ming & Zuo, 2012) .
Typical cellulose type I patterns are preserved in the BC/SF 25% nanocomposite, Fig. 2(b) , and there are no significant changes when compared to the pristine BC diffractogram. Fig. 2 shows diffraction patterns characteristics of the superimposition of BC and SF pattern as observed. BC diffraction patterns overlap the SF pattern in the composites as observed by Lee et al. (2013) . So, it is not possible to elucidate the type of SF crystal pattern (silk I or silk II) in these composites. XRD diffractogram for BC/SF:75% nanocomposites comprises an amorphous profile probably due to the large amount of silk fibroin deposited inside the BC porous as observed below in SEM images. Fig. 3 shows TG/DTG curves. The curve obtained for freeze dried BC displays two mass losses. The first one, occurring from room temperature to 200 • C is due to evaporation of the surface water (∼4.6%) (De Salvi, . The second more significant event related to a high mass loss (80%) begins at about 280 • , with maximum decomposition (T onset ) at 373.7 • C. This event is associated to thermal degradation, related to depolymerization and decomposition of dehydrocellulose into gases (water, carbon monoxide and carbon dioxide) (Sofia, McCarthy, Gronowicz, & Kaplan, 2001 ).
Thermogravimetric analysis
The initial mass loss for freeze dried SF is related to water loss and starts from room temperature to 120 • C (7.3%). The second event involving mass loss (52%) occurs in the temperature range of 180-500 • C with maximum decomposition (T onset ) at 281.4 • C. This event is associated with the breakdown of side chain groups of amino acid residues, as well as the cleavage of peptide bonds (Nogueira et al., 2009) .
TG curves obtained for BC/SF composites present three most important mass losses and display a composition of the events observed for the individual BC and SF components.
The first one is a continuous mass loss of around 7% from room temperature up to around 200 • C which is associated with the water losses and is present in all BC/SF curves. Next, two major events in the range of 200-500 • C are present in all samples. The first one is attributed to fibroin decomposition counterparts and the second refers to BC decomposition. The DTG peak area is directly proportional to mass variations and could be used to compare the ratios between peaks heights for all composites. The first DTG peak, which is associated with the fibroin decomposition, becomes more intense when SF contents increase in nanocomposite. BC/SF:50%, Fig. 3(c) shows the same peak height for the first and second DTG peaks; it is quite relevant due to the BC and SF percentage ratio is of BC/SF 50:50 in this composite. In the same way the TG/DTG curve for BC/SF:75% sample denotes great similarity with the TG/DTG of the pristine fibroin. The height of the first DTG peak associated with the fibroin decomposition is larger than the first peak attributed to BC decomposition. These results corroborate with the gravimetric measurements whereby the percentage of the BC 25:75 fibroin in this nanocomposite was determined. This behavior is due to higher SF content in this sample.
TG/DTG results also indicate that BC and SF decomposition events occur separately, and weak interactions between BC and SF suggested in FTIR analysis are therefore confirmed.
Field emission scanning electron microscopy (FEG-SEM)
SEM images are presented in Fig. 4 . Surface images show that freeze-dried BC exhibits a 3-D network nanofibrils in the form of a heterogeneous porous structure that is observed in Fig. 4(a) . These porous structures of BC sponges are similar to that of collagen sponges reported by Mizuno, Watanabe, and Takagi (2004). It is important to note that the method employed for BC cultivation could alter the morphology and porosity of the final cellulose membrane.
SEM images for BC/SF:25% and 50% nanocomposites reveal a sponge-like structure where BC nanofibers and fibroin structures are easily discerned. BC/SF samples exhibit a very well interconnected porous network structure formed by random nanofilaments entangled with each other presenting a large aspect surface. These characteristics also suggest that the presence of fibroin has modified the surface of BC nanocomposites and this modification may be induced by fibroin concentration. SEM image for BC/SF:75% sample presented a less porous structure due to the coating of the BC nanofibrils by excess of the SF solution.
Then, the best outcome obtained in this study was the one with 50% of SF and 50% of BC content. The result of this blend of 50% of each biomaterial results in a composite that is intended to preserve BC and SF properties.
Porosity study
In total 30 diameter measurements of different pores by examining SEM surface images of BC/SF:50% composites were examined. After statistical analysis the results revealed a pore size range of 102 ± 5.43 m at the surface of the scaffolds.
As a scaffold for tissue engineering, macropores are required to allow for cell incorporation, migration, proliferation and tissue growth into the scaffold, according to Chen et al. (2002) . But, on the other hand the literature also demonstrates that there is no general consensus regarding the optimal pore size for cell growth and tissue formation. Zeltinger, Sherwood, Graham, Mueller, and Griffith (2001) found that vascular smooth muscle cells showed equal cell proliferation and ECM formation in pores ranging in size from 38 to 150 m. Zhang et al. (2010) showed that pore sizes ranging from 100 to 300 m displayed human bone marrow mesenchymal stromal cells (BMSCs) proliferation and ECM production applying silk fibroin scaffolds. These authors also observed that even in the presence of small pores of 50-100 m range there were BMSCs proliferation and ECM production occurred, but in less quantity.
In terms of porosity of BC/SF:50% scaffolds, our findings (102 ± 5.43 m) are in accordance with these previous observations and also with . They prepared SF/Chitosan and pure SF scaffolds for tissue regeneration and in terms of porosity results in a range of 100-155 and 90 m were identified.
One obvious challenge of tissue engineering is the design and fabrication of the 3-D polymer scaffolds composed of refined nanofibrils with hierarchical pore structure including large pores and nano pores to mimic the organization of ECMs (Kim et al., 2011) . Gao et al. (2011) produced BC sponges by freeze-drying technique, with large and nano pores with a high surface area and they demonstrated that the material exhibited excellent cell compatible as fibrous synovium derived MSCs could proliferate well and grow inside the BC sponges.
Thus the results obtained in this study further supported by the literature lead us to conclude that the produced scaffolds could support BMSCs proliferation and ECM production, as the pore sizes of a scaffold matrix affect the cell adhesion, proliferation and directional growth, according to Bodin et al. (2010) .
Water solubility test
Pristine SF sponge presents about 35.4% of solubility in water, in a period of 24 h. On the other hand, probably SF became more insoluble in contact with BC nanofibrils. Thus, BC/SF:25% nanocomposite presented 0% of solubility in distilled water, BC/SF:50%, 3.0%, and BC/SF:75%, 8.6%, as presented in Fig. 5(a) . The increase on SF releasing may be related to the excess of SF attached to nanocomposites surface, as observed by SEM images. 
Water-uptake capacity
The water-uptake capacity is important to check if the material has the property to diffuse water, since the water diffusion allows the transport of nutrients, and helps the growth of new cells. The results showed that after 24 h, the water uptake ability of the pristine BC and BC/SF:50% scaffolds were about 600% (Klemm et al., 2001 ) and 216%, respectively (Fig. 5(b) ). All the scaffolds absorbed water within 1 min; and they were saturated within 1 h. This behavior is due to the unique chemical and physical structures of BC and SF. There is diminishing on the swelling ability observed for BC/SF:50% scaffold. This decrease in the capacity of absorption may be related to the reduction of the amounts of BC pores due to SF presence, that had covered and obliterated BC surface, as SEM images show in Fig. 4. 
Measurement of SF release with time
The Bradford assay demonstrated that no significant amount of silk fibroin protein was released to the solution in the initial measurements. After 24 h the final concentration of released protein was 0.89 mg/mL. Regarding the amount of protein released we believe that it may be related to the excess of silk fibroin attached to the scaffold since the amount of protein in solution has not changed after 24 h, indicating that BC/SF:50% scaffold remained stable in aqueous environment. Our results are in accordance with Sah and Pramanik (2010) that observed that after 3 h the concentration of silk fibroin released in solution was about 1.7 mg/mL. They show that the concentration of released protein did not change after 3 h, remaining stable.
Cytotoxicity and genotoxicity assays
The statistical analysis was performed according to Kruskal Wallis and Dunns in relation to MTT and Trypan Blue tests and Mann Whitney for cell adhesion and proliferation, by applying the statistical program Graphpad Prism 5.0. All in vitro tests results were statistically significant at p < 0.05.
MTT assay
Colorimetric measurements were performed as the method described.
In terms of cell viability for 48 h by MTT, under the experimental conditions applied in this study, the results showed no statistically significant difference between BC and BC/SF:50%. Nevertheless, both materials showed no cytotoxicity and the average cell viability found was BC = 91.25%, and BC/SF:50% = 123.81%, respectively. These results are in accordance with ISO standards (10993-5).
Trypan Blue
On the other hand, the cytotoxicity assays related to Trypan Blue dye technique evidenced a statistically significant difference (p = 0.02). Dunns post test pointed out that BC/SF:50% group presented a superior performance, indicating less cytotoxicity and a greater number of viable cells compared to the references (Fig. 6) .
Although Trypan Blue results differ from those obtained by the MTT assay, both in vitro assays evidenced a high cell viability greater than 90% for all treatments, indicating that the material is noncytotoxic and could allow cell attachment and proliferation. Despite the cytotoxicity results being mutually consistent this difference may occur because Trypan Blue assay measures the cytotoxicity by cell membrane integrity, while MTT measures the activity of mitochondrial dehydrogenases.
XTT assay
The percentage of cell viability found for each treatment is presented in Fig. 7 . The results showed that the lyophilized BC/SF:50% as well as BC treatments do not indicate statistically significant differences when compared to the negative control in all concentration tested, revealing the lack of cytotoxicity. Cell viability of the tested material was greater than 95%.
Cell adhesion and proliferation
To test the hypothesis that fibroin increases cell adhesion into cellulose scaffolds, L-929 cells were seeded into the pristine BC scaffolds and BC/SF:50% nanocomposite. Cells were lifted up and counted in hemocytometer chamber. In relation to cell proliferation and adhesion assays the value found was significant at p = 0.04.
The images of Fig. 8 show that the cells seeded on pure BC and BC/SF:50% scaffolds surface (a, b) did not migrate into the material (c, d). This fact was expected because the dense structure of BC networks displays a pore size not large enough to allow migration and consequently complex 3D scaffolds could not be obtained. . However, the presence of SF induced a significant increase in cell adhesion on BC/SF 50% nanocomposites in relation to the pure cellulose scaffolds (p < 0.05).
The results provided by cytotoxicity tests added to the analysis of these images indicate that BC/SF:50% composite displays higher cell viability in comparison to pure BC in terms of fibroblast adhesion. The cells observed in pure BC scaffold remained roundshaped whereas the cells that adhered to the BC/SF50% scaffold are completely spread over the surface, with the presence of many pseudopodia forming a layer, suggesting that cells stretching their morphology were proliferating.
It is known that the pore sizes of a scaffold matrix affect the cell adhesion and proliferation. The results obtained in this study related to the porosity of the material were in accordance with the literature; therefore, the BC/SF:50% produced scaffolds could act allowing BMSCs proliferation and ECM production.
However, it is important to point that this improvement in cells proliferation probably occurred due to the peculiar composition of silk fibroin. Fibroin is an insoluble protein containing up to 90% of the amino acids glycine, alanine, and serine that form crystalline ␤-sheets in silk fibers (Fang, Chen, et al., 2009; Fang, Wan, et al., 2009; Fu et al., 2013) . These types of proteins usually exhibit great mechanical properties and, in combination with their biocompatibility, provide an important set of options in the field of controlled release, biomaterials and scaffolds for tissue engineering and medical applications. Other studies Dal Prà et al., 2003; Enomoto et al., 2010; Petrini, Parolari, & Tanzi, 2001 ) evidenced a few more properties of silk fibroin such as: it can be chemically modified with adhesion sites or cytokines, due to the availability of amine and acid side chains on some of the amino acids; it presents slow rates of degradation in vitro and in vivo, that is particularly useful in biodegradable scaffolds in which slow tissue ingrowth is desirable.
According to the present findings, BC/SF:50% scaffolds evidenced potential applications in terms of alternative materials for tissue regeneration and medical devices. Further investigation such as differentiation, osteogenic and osteoinductive potential, improvements related to increase BC/SF porosity and controlled release of active ingredients should be conducted. Additionally, tests in an animal model to evaluate the performance of the material in relation to specific tissues of application, are underway. Future steps point to previously mentioned improvements to turn the material into a more complex 3D scaffold for tissue engineering.
Assessment of genotoxicity
The micronuclei frequency and NDI obtained in V79 cells treated with BC/SF:50% and respective controls are demonstrated in Table 1 . No significant difference in the frequencies of micronuclei were observed between the cultures treated with 25%, 50% and 100% of BC/SF:50% when compared to the negative control, revealing the lack of genotoxic effect. In relation to NDI values, no significant differences were observed between the different treatments and negative control, demonstrating the absence of cytotoxicity.
Conclusions
Sponge-like nanocomposites based on bacterial cellulose and silk fibroin (BC/SF:25%, BC/SF:50% and BC/SF:75%) were developed in this work. SEM evaluation results exhibit a very well interconnected porous network structure and large aspect of all nanocomposites produced. It could be demonstrated that the presence of fibroin influenced BC/SF scaffolds surface covering and this aspect was affected by fibroin concentration. The best outcome obtained is related to 50% fibroin content, where the equal ratio let to a very good symbiotic effect, preserving the specific properties of BC and SF. Bradford assay demonstrated that BC/SF:50% nanocomposite is stable. The results for cell adhesion assay showed that the presence of fibroin induced a significant increase on cell adhesion (BC/SF:50%) compared to pure BC membranes, due to the biologic nature of SF coating. Cytotoxicity assays demonstrated that the material is non-cytotoxic and Trypan Blue associated to the SEM images revealed that BC/SF:50% scaffolds present higher rates of cellular viability than pure BC. Further, it was found that the prepared BC/SF:50% scaffold led to an improved biocompatibility compared to pure BC scaffolds, especially concerning biocompatibility and the suitability to induce cell adhesion. Furthermore, the genotoxicity test revealed that the material is non-genotoxic, indicating safety for medical applications. Generally, the POC of the BC/SF composites could be demonstrated; next, more adjustments are required to generate scaffolds for complex tissue engineering.
